Abstract-Due to safety concerns in human-robot interaction, researchers are moving from rigid-component robotics to soft robotics. This paper presents the design of a novel linear pneumatic robot structure based on the eversion principle. Experiments are carried out to investigate the forces that this robot can exert. This robot was successfully able to exert pushing force from its distal end and pulling force from its stationary end while extending along the longitudinal direction.
I. INTRODUCTION Traditionally, robots are made from rigid components, and, thus, they cannot deform or adapt their shape when facing environmental constraints. This brings about safety issues especially when these robots are considered for the interaction with humans. To overcome such problems, researchers in the field of robotics have taken inspiration from nature to create compliant robot systems. One solution to this problem is to create robots from soft materials -a trend currently emerging in the field of soft robotics. Soft material robots take their name from the softness of the material that they are made from. These types of robots are inherently compliant capable of adapting their shape to the surrounding environment [1] [2] [3] [4] [5] . Due to their compliant structure, soft material robots are excellent candidates for applications requiring safe human robot interaction [6] , [7] . In the field of soft robotics, many researchers try to replicate the motion and movement of soft parts of animals that do not have a rigid skeleton, i.e. the octopus arm, elephant trunk, snake or worm [5] , [6] , [8] [9] [10] [11] [12] .
Recently, several studies have been conducted that show the advantages of soft robots over rigid robots. A number of these studies are focusing on specific applications for soft robotics, for example, for Minimally Invasive Surgery (MIS) [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] , for cardiac surgery [25] and for the compliant palpation of soft tissue during medical diagnosis [26] , and artificial organs [27] [28] [29] [30] [31] grasping objects [32] , [33] . Overall, these investigations highlight the increasing interest in soft robotics and underpin the great potential and benefits of soft robotics in the healthcare field and other areas where safe interaction with the environment is mandatory. Because soft robots can provide a low stiffness and high elasticity, safety is greatly enhanced whilst interacting closely with humans compared with the more conventional robots, such as those used in manufacturing, but even those currently used in minimally invasive surgery, such as the da Vinci Surgical System by Intuitive Surgical. t.abrar; f.putzu; k.althoefer@qmul.ac.uk). Using animals as a role model for robotic devices has been shown to help creating new robots with astonishing capabilities; recent research interest has moved beyond replicating the structure and motion of animals and has focused its attention on the behavior of plants, especially their growth patterns [34] [35] [36] [37] [38] [39] [40] . It shows that plant growth patterns can be considered as a powerful way to achieve motion in modern robots. Because of their stationary character, plants are specifically used as an inspiration for robot arms with a fixed base. The aim of this paper is to explore the principles of plant growth and how this principle can be exploited for the creation of robot arms with an elongating feature. In particular, a plant's ability to "lengthen" its body from the tip during growth, which comes from the inside of the body to the outside, is of interest. This effect is called the eversion effect [41] , [42] . In plants it is observed that, one side of the plant is fixed (attached to the ground) whereas, the other end extends through an internal increase of volume that pushes outwards at the tip(s) of the plant -this phenomenon which, in effect, leads to an extending movement at the most distal point is called an apical extension [43] . Growth (tip movement), due to this effect can be seen as an extending motion behavior that occurs only at the tip and does not affect the main trunk of the growing plant, hence, no friction (as there is no sliding contact) between the body of the plant and the environment occurs along most parts of the plant. Robots based on this principle can perform frictionless translational motion, can pass through narrow spaces without hindrance and are capable of adapting their motion path to the surrounding environment they are physically in contact with.
Previous studies on soft robotics focused on achieving motion behaviors that are predominantly related to the bending of soft arms, whilst extensive elongation and variation of stiffness was rarely achieved. The early generation of eversion robot was only able to apply pushing force from the tip [43] . Only very recently, work on inflatable robot structures gained traction, as described in [44] ; these robots impress with their capabilities to extend and contract longitudinally and adjust their stiffness over a wide range. The robot proposed here also incorporates the abilities to extend significantly along the main axis (exploiting the eversion principle) and to control its stiffness. The longitudinal elongation capabilities are illustrated in Figure 1 ; when the robot is deflated it contracts; upon inflation it extends [4] . While attaching the tendon within the robot, allows this robot to exert pulling force from its stationary end and pushing force from the distal end at the tip. Considering Figure 2 and combining the soft robotic characteristics with the eversion techniques of plants can significantly increase application areas of the resulting robots and at the same time improve the safety during humanrobot interaction, indeed, being possible to control the air pressure and in consequence the stiffness of the robot, it is possible to deflate it in case of human contact so that the chances of injury can be reduced. This is especially the case in surgery, i.e., minimally invasive surgery (MIS). Having a completely soft body, the robot can interact with the biological environment in a safer way. Furthermore, the environment applies a load to the robot and in case of a soft robot it can change its position and orientation while a full rigid structure would remain straight. Hence, interacting with any body part during surgery the chances of damage are very little. This principle is relevant especially in a procedure such as colonoscopy, where surgeons need to advance a device within the human colon. Traditional colonoscopy could be uncomfortable for patients as the instrument locomotion is provided by an outer push from the doctor and the forces exchanged with the colon's wall; the colonoscope being flexible but not compliant could damage the colon wall if an excessive force is applied. Employing an eversion-based robot allows to virtually eliminate the considerable friction caused by standard colonoscope pushed forward by the doctor inside the colon. One major advantage in this context is that with an eversion-based colonoscope frictionless motion is achieved significantly reducing the pain and discomfort, experienced by patients, when standard colonoscopy devices are being used. It is argued that a robotic device that incorporates the eversion principle for translational motion is an ideal tool for colonoscopy and similar procedures, since the patient does not feel any drag / sliding within their body owing to the reason that the main structure of the eversion-type device remains stationary with respect to the environment and only extends apically. Surgery and medically related diagnosis are only some of the possible application areas for the proposed robotic system.
Other applications areas include rescue operation where search, monitoring, and inspection are needed i.e. an object has to be found but the heavy obstacles are in the way or places, which can be collapsed if any heavy object moves on them due to their heavyweight. Having a completely soft and lightweight body, the robot can interact with the environment in a safer way. Furthermore, the environment applies a load to the robot and in case of a soft robot it can change its position and orientation while a full rigid structure would remain straight. Hence, interacting with any of the body part or a cracking wall, the chances of damage are very little. Since it is eversive in nature it does not produce friction during horizontal motion and due to its pneumatic actuation it is lightweight and produces virtually no shear forces, ensuring a safe interaction with objects colliding with the outer sleeve.
In this paper, a novel linear soft robot structure is described it combines the advantages of continuum manipulators and apical extension. This paper is organized as follows: section 2 explains the design of the actuator including its working methodology. Section 3 presents the experimental performed by the actuator. Finally, the conclusion is presented in section 4.
II. DESIGN OF THE ROBOT A. Overview
This section describes the design methodology for the construction of our proposed soft robot following the eversion principle. Our system extends beyond the basic eversion principle because of its hybrid, antagonistic actuation using pneumatics to extend, and tendons attached to the tip of the actuator "pull back", hence, when our robot extends it exercises a pulling force in the longitudinal direction. This section discusses the working principle of the proposed eversion robot.
B. Structural Layout of the Robot
As illustrated in Figure 2 the structure of the robot is designed in a way that it looks similar to the structure of a plant, such as a vine. Just like a vine, it consists of a base, which is the stationary/fixed part and a moving part. In the system, the stationary part is responsible for the growth/elongation of the moving part. The moving part of the robot is made from a flexible but unstretchable material, woven polyester fabric has been used, which can bend and deform easily. This material is rolled on the inside, and at the closed end a tendon has been attached. This approach allows extending the robot from a very small compacted volume into a fully extended structure.
Most of the pneumatically operated soft actuators are made of silicone [45] , [46] . One of the main disadvantages of this approach is the limited elongation that can be achieved. Another shortcoming of the silicone-rubber based robot arms is that they can apply only small forces onto the environment and most implementations of such robot arms cannot vary their stiffness. Here, sheets made from woven polyester are selected for the construction of the proposed robot. The advantage of using polyester, which is commonly used in many products such as plastic bags, is that it is a low-density carbon polymer, which is flexible in nature and, at the same time is virtually unstretchable.
C. Operating Principle
A schematic of the eversion-principle based robot is shown in Figure 3 . The eversion robot is made of a cylindrical sleeve structure whose end is folded back and connected via a tendon with the base (green point in Figure 3 ). For this robot, an airtight chamber was made from a combination of polyester sheet and natural rubber as described in Figure  4 . When air is injected into the chamber formed by the polyester sleeve, the air extends the sleeve in all directions, resulting in an increasing pressure to be applied against the sleeve. This outward pointing pressure causes a movement of the inward folded tip of the robot in a direction away from the base along the longitudinal axis of the overall structure, i.e., achieving a movement based on the principle of eversion. Since the tip of the structure is rolled inside and connected to the centre base point, a pulling force will result. Controlling the influx of air and at the same time the tension on the central tendon, one can control the longitudinal extension as well as the pressure, and, hence, the stiffness, of the eversion robot. Hence, the appropriate combination of the pneumatic actuation can control the three main capabilities of the robot (1) the length of the actuator, (2) the stiffness of the robot and (3) the force exerted. These three capabilities are discussed in the following section of the paper in more detail.
When the air is applied to the chamber formed by the polyester sleeve, the pressure rises, inflating the robot. Therefore, any change in air pressure can be used to change the stiffness of the overall robot body. This phenomenon is illustrated in Figure 3 . We can observe that at the start of the process, when pneumatic input is applied, the air molecules start filling the inside of the robot body, see Figure 3 (a). The red points indicate the base attachment of the robot's outer sleeve; the green point indicates attachment of a tendon that links to the part of the polyester sleeve rolled inside the chamber. Since the endpoints (red and green circles) are now fixed and not moving and since there is no extending motion at the robot tip, the robot body only inflates, changing the stiffness, see Figure 3 (b). This change in stiffness can be varied over a wide range. Figure 5 shows what happens if air is injected and at the same time the central tendon, previously anchored at the green base point is released. By increasing the pressure inside the chamber and releasing the central tendon in a controlled way the inner folded polyester sleeve starts unrolling and consequently the overall length of the robot will increase. By appropriately controlling the force on the central tendon and the pressure of the inflowing air, the robot's extension and stiffness can be controlled.
When the air is supplied, and the actuator starts to unfold in the forward direction, the air pressure tries to push the tip and hence creating an apical extensive effect on the tip and this is how the actuator extends and exerts a tip force on the environment. 
III. EXPERIMENTS

A. Construction
For our experimental study, the overall structure is composed of one chamber made of two different layers. An inner thin sleeve is made of natural rubber, which allows having an airtight chamber covered by a layer of polyester fabric material, in order to avoid the excessive ballooning of the inner elastic layer. The diameter of the inflated structure is equal to 1.7cm ( Figure 6 ) with a total volume of 56.71 cm3, when full extended. The total length of the sleeve is 25cm in the unfolded state while folded it reduces to approximately 6cm ( Figure 7 ). During fabrication, a textile piece is sewn together with a sewing machine to create the robot chamber. A string has been attached by sewing it, at the distal end of the chamber and is pulled to turn the textile structure inside out, moving the created seam to the inside of the chamber. A small pipe has been inserted at the bottom of the structure allowing for air to be pumped into the chamber as shown in Figure 4 . The resultant structure constitutes our eversion robot.
B. Experiments and Results
We are interested in finding out what kind of forces our robot can apply to the environment at its tip. This could be useful to know when the robot is entering a restricted or obstacle cluttered space, answering the question to what extent the robot can free a path ahead. In order to measure the pushing force of the robot an experimental study has been performed. To start with a weight of 100g has been placed in front of the robot's path; the robot was successful in pushing the object. However, shortly after the collision the object moved to the side and the robot continued expanding unhindered. Using this experiment, it was difficult to establish the limits of the pushing capabilities of the robot. Fig. 7 . Quantitative experiment, measuring pushing force A second study was devised to investigate these capabilities in more detail. It was observed that the pushing forces exerted at the tip of the robot are balanced by the pulling forces at the central tendon which is pulled up by the robot's tip during inflation. Hence, determining the pushing forces can be achieved by measuring the tendon pulling forces. Different weights have been attached to the central tendon. Through our experimental study, we found that a weight of 400g could be lifted by our robot against gravity. Higher weights let to a significant deformation of the robot during inflation. Figure 7 shows how air at pressure of 2 bar has been pumped into the fabric sleeve, which extended in the upward direction lifting the attached weight against gravity. Regarding the reactive time, it has been calculated that the actuator can lift the weight within 2 seconds exercising a pushing force of 4N, and the weight has been lifted by 21cm as shown in Figure 7 (c). Starting from a floppy state with a length of approximately 6cm the robot elongated to 25cm, achieving an elongation factor of 420%. Fig. 8 . Quantitative experiment, measuring pushing force Figure 8 summarises the experiment's result that if the pressure is kept constant (in this case 2 bar), by increasing the weights the time taken by the robot to fully extend will increase. For this robot, if the lifting force is increased up to 5N, then the robot was not able to extend completely.
The limitation of the system was equal to 4N and any opposing force greater than this quantity will not allow the robot to completely lengthen. Even though when the pressure was increased up to 3 bar the robot was able to pull more weights. Further experiments are underway to test the extreme limits of the designed plant-inspired soft pneumatic eversion robot.
IV. CONCLUSIONS
In general, it is noted that the softness, variable stiffness and elasticity of a soft robot allows it to deform or reshape with respect to the weight attached and the pressure applied. These characteristics of the soft robot allows it to be squeezed and shrink in a passive way. Using textiles, we have created a system that is cheap to realize; our system shows high potential and it has been developed only employing flexible and soft, but unstretchable materials. This paper describes the fundamental construction and working principle of a novel linearly elongating soft robotic structure. Our robot is bio-inspired and is capable of moving along its longitudinal axis in a way that is replicating the movement and growth of plants. The robot not only replicates the motion but also is able to exercise a pushing force at the tip.
In the future, we aim to build a mathematical model and to analyze the behavior of the robot in different experimental scenarios and use the gained knowledge to further improve control even under dynamic conditions. At this early stage, the robot does not have proper control over the direction of eversion. However, this is mainly due to the weights carried by the robot and the gravity which leads the robot to bend during extension. Therefore, further experiments are underway to counter these factors.
